ABSTRACT: The effects of density on the vital rates of the modular seaweed Ascophyllum nodosum (L.) Le Jol. were investigated in 2 areas of the northern Atlantic Ocean: the Isle of Man, in the Irish Sea, and Tjärnö, on the Swedish west coast. The densities of plants (genets) were manipulated in the field. The impact of density on survival, growth and reproduction of plants > 2 cm was estimated over 1 yr. Percentage survival of A. nodosum was high and apparently density-independent. This result is in accordance with other studies in land and marine systems where low mortality after establishment appears common and overpopulation is avoided by a balance in module density. The growth of A. nodosum was negatively density-dependent. The response of the modules (shoots) within plants was asymmetrical. Furthermore, the inception of new shoots was enhanced at low densities on the Isle of Man. Apart from intraspecific competition, other density-dependent processes affected the performance of the alga: the probability of breakage to smaller sizes increased with density in the Swedish area. As a result, the impact of density on the net plant growth was more patent at Tjärnö than on the Isle of Man. In relation to reproduction, the results of this study suggest a positive effect of density on the annual reproductive effort of the alga. Nevertheless, the manipulation was carried out after the initiation of reproductive structures. Increasing density clearly reduced plant growth, and reproduction is size-dependent in A. nodosum. This indicates that, in successive reproductive periods, reproduction may be negatively affected by density. In contrast to the results of another previous work, our study shows a negative impact of density on the net growth of A. nodosum and indicates the importance of module length structure in the demographical processes of the species. Not only the effect of density but also the significance of density dependence in the dynamics of the species probably vary in these areas with very different physical domains.
INTRODUCTION
Intraspecific interactions have been widely investigated in terrestrial plants, although the investigations have focused mainly on agricultural and experimental populations rather than on natural stands (Harper 1977 , Antonovics & Levin 1980 , Schmitt et al. 1986 , Schmitt et al. 1987 , Rice 1990 , Jurik 1991 , Yastrebov 1996 . Most of these studies have shown that density has a negative impact on survival, growth and reproductive output of the individual plants. Competition is often asymmetrical, i.e., initial differences in the size of plants (due to genetic differences, timing of recruitment or differences in the microenvironment) are magnified by intraspecific interactions, small plants being more affected than larger ones and size inequality increasing at high densities (Weiner & Thomas 1986 , Rice 1990 . Light competition appears to be critical in establishing this pattern of dominant and suppressed individuals, with large plants shading small ones (Schmitt et al. 1986 ).
The modular character of terrestrial plants and its importance in population dynamics has also been extensively acknowledged (Sprugel et al. 1991 and references therein) . Modules are repetitive components of plants (genets), which may in some degree behave as physiologically independent units (Schmid 1990) . Expressions of plant modularity are the clonal growth of herbaceous species, where each genet commonly comprises numerous ramets, and the branch architecture of trees. Very few studies in terrestrial systems, however, have investigated how competition between genets is related to interactions between their modules (de Kroon et al. 1992 , Sorrensen-Cothern et al. 1993 . Many marine macroalgae also have a modular construction, but the dynamics of modules are largely unexplored (Lazo & Chapman 1998) .
In marine systems, large, almost monospecific aggregations of macroalgae are common in the intertidal and subtidal levels of boreal and temperate rocky shores (Moore & Seed 1985) . In these monospecific stands, competition can be intense and theoretically less complex than in terrestrial systems, simply because of the absence of a below-ground component (algae having no roots). However, conflicting results have been obtained from studies of intraspecific interactions in seaweeds, resulting in a debate over the relevance of terrestrial-based models in algal ecology (see the contrasting views of Schiel & Choat 1980 , Cousens & Hutchings 1983 , Schiel 1985 .
As Cousens & Hutchings (1983) pointed out, clarification of density-dependent effects in seaweeds requires the use of manipulative experiments because this is the only way to show that density is the cause of the effects. Considerable progress has recently been made with such experiments (Reed 1990 , Ang & De Wreede 1992 , Kendrik 1994 , Creed et al. 1996 , Creed et al. 1998 , Lazo & Chapman 1998 . However, observational studies are also valuable especially as a first attempt to investigate processes correlated with density. Results from both manipulative and observational studies suggest that the algal responses to density are in many cases similar to those observed in terrestrial plants. Self-thinning or density-dependent mortality is common in macroalgal stands (Schiel & Choat 1980 , Dean et al. 1989 , Kendrick 1994 , Creed et al. 1996 as it is in terrestrial systems (Harper 1977 , Westoby & Howell 1986 , Schmitt et al. 1987 . Algal individuals often have lower growth rates in crowded stands, and the effects are more dramatic in small plants (Reed 1990 , Ang & De Wreede 1992 , Creed et al. 1998 . Changes in the morphology of algae have likewise been reported, with plants at high density being more elongated or less ramified than at low density (Reed 1990 , Holbrook et al. 1991 , Sjøtun & Frediksen 1995 , Andrew & Viejo 1998 , a response similar to that observed in terrestrial plants (Harper 1977 , Silvertown & Lovett Doust 1993 , Hutchings & de Kroon 1994 . However, in contrast to these studies and those on terrestrial plants, positive effects of density on the survival, growth and reproduction of algae have also been documented (Hruby & Norton 1979 , Schiel & Choat 1980 , Schiel 1985 , Ang & De Wreede 1992 , Bertness & Leonard 1997 , Lazo & Chapman 1998 . As Dean et al. (1989) pointed out, the diverse intraspecific effects of density on seaweeds may reflect not only differences between species but also interactions with the physical environment. For example, for seaweeds growing in intertidal habitats, crowding can confer protection against desiccation or heat stress, increasing collective survival and growth (Hruby & Norton 1979 , Hay 1981 , Ang & De Wreede 1992 whereas kelp populations in deep water undergo self-thinning, probably as a result of light limitation (Dean et al. 1989) . The manipulation of natural stands in different physical environments may thus provide new insights into the patterns and mechanisms of density-dependent regulation in marine plants.
It can be more difficult to detect significant effects of a given factor in experiments carried out in natural populations than in other manipulative experiments in, e.g., greenhouses or experimental field plots. The main reason is the natural variations of factors not explicitly included in the experiment, which increase the residual variance (i.e., among replicates) in an analysis of variance. However, the strength of manipulative experiments in natural populations is that, when significant effects are found, the generality and predictive power are much higher than for other types of experiments. For perennial species, experiments on intraspecific competition in natural populations have been scarce and mostly restricted to manipulations where the density of established plants has been decreased (e.g., Fowler 1986 , Fowler 1995 , Creed et al. 1996 , but see Shaw 1987 . For obvious reasons it would be very difficult to increase the density of plants in many species, e.g., trees. However, for some organism groups such as intertidal seaweeds, it may be feasible to increase densities in natural stands.
In this study we investigated how stand plant density influenced the vital rates (mortality, growth and reproductive output) of the perennial brown alga Ascophyllum nodosum (L.) Le Jol., a species that commonly dominates the intertidal zone of rocky shores of the northern Atlantic Ocean. The experiment was carried out in natural populations of 2 areas that have very different physical conditions in order to investigate the variability in the sign or intensity of the density-dependent regulation. Manipulations were both increases and decreases in density of adult plants (genets). In a previous work we investigated the effect of density and other biological factors on the mortality of juvenile stages of this species (Viejo et al. 1999) . We focused here on the effects of stand density on adult plants. The experiment was designed to investigate effects of genet density on the survival, growth and reproductive output of genets as well as the recruitment and growth of modules (shoots). In relation to the growth of modules, we tested the hypothesis that the effects of density are asymmetrical, with the growth of shortest shoots being more affected by increases in genet density than the longest shoots.
MATERIALS AND METHODS
Study sites. The experiment was carried out in 2 areas of the north-eastern Atlantic Ocean: the Langness shore on the Isle of Man, Irish Sea (54°05' N, 4°37' W), and small islands in the archipelago close to Tjärnö Marine Biological Laboratory on the Swedish west coast (58°54' N, 11°07' E), from September 1997 to September 1998. The distance between these 2 areas (hereafter referred to as Isle of Man and Tjärnö) is approximately 1000 km and the environmental conditions are very different. At Tjärnö the tidal range is as small as 0.3 m, though the water level can vary up to 2 m through the year because of winds and changes in atmospheric pressure (Johannesson 1989) . Ice occurs in about 25% of the years and the ice cover has been found to be an important source of mortality for Ascophyllum nodosum (Åberg 1992a) . Large variations in salinity are also common in this area and the mean salinity is 24 ‰. The environment at Tjärnö can be described as stochastically variable (Åberg 1992b) . On the Isle of Man environmental conditions are more predictable, with no ice, stable salinity (mean 34 ‰) and tidal ranges of about 7 m. It has also been shown that the population growth rate is less variable on the Isle of Man than on Tjärnö (Pavia & Åberg unpubl. data) .
On the Isle of Man the vertical distribution of Ascophyllum nodosum is 2 to 3 m in the mid-intertidal zone of sheltered shores; on shores with moderate slopes the Ascophyllum spp. zone can be up to 100 m wide. At Tjärnö the vertical distribution of A. nodosum is restricted to 0.1 to 0.5 m below the mean water level because of the limited tidal range, and thus the width of the A. nodosum zone is usually < 0.5 m and rarely >2 m. Despite these differences, the total abundance and mean size of A. nodosum plants within the narrow belts at Tjärnö are similar to those in the mid-intertidal zone on the Isle of Man (Åberg & Pavia 1997) .
The field experiment. The natural densities of plants (genets) of Ascophyllum nodosum were manipulated in the field. Genets were distinguished following the recommendations of Åberg (1989) . Juvenile individuals (< 2 cm in length) were not considered in this study. On the Isle of Man 3 experimental densities ('high', 'mid' and 'low') were used. Natural densities were increased by transplantation of individuals and reduced by cutting plants from the holdfast. The thinning was accomplished taking into account the distance between plants; when 2 plants were close neighbours, 1 of them was removed. For the transplantation, pieces of rock with attached algae were chipped off from the limestone platform and cemented onto clearings in the experimental plots. Every effort was made to avoid contact between the plants and the concrete. At Tjärnö only 2 densities (mid and low) were achieved by thinning natural densities. It was not possible to increase the densities because of the hardness of the granite rock and the reduced tidal amplitude, which imposed strict limits on the time for manipulation of the plants.
The experimental units consisted of 0.25 m 2 plots randomly placed in the middle of the Ascophyllum nodosum belt. The dimensions of the plots were 0.5 × 0.5 m on the Isle of Man, and 0.30 m vertically and 0.82 m horizontally at Tjärnö because of the restricted width of the A. nodosum belt. Five replicate plots were used in the mid and low density treatments on the Isle of Man and 4 in the rest of the treatments. The plots were 15 to 1000 m apart in both areas and they were randomly assigned to the density treatments.
Around each plot a 15 cm buffer zone was subjected to the same manipulation but was not sampled. The total manipulated area was thus 0.64 m 2 on the Isle of Man and 0.67 m 2 at Tjärnö. During the periods of submergence, bladders kept the fronds upright inside the plots. Although Ascophyllum nodosum is able to grow when emerged (see reference in Lazo & Chapman 1998) , seaweed grows mainly during periods of submergence at high tide (Lobban et al. 1985) .
In each plot all the plants were mapped and the length and circumference of each plant measured served to estimate individual dry mass (see Åberg 1990 for method). The individual weights were estimated at the start and at the end of the experiment. An additional sampling was carried out at Tjärnö during May 1998. As plants were mapped, the individual growth and survival was recorded. Mortality was defined as the complete removal of a genet. Transplanted plants were used to establish the experimental densities, but they were not considered in subsequent measures. This procedure was followed to avoid the addition of transplant artefacts on the survival and growth estimations.
The initial numbers of plants (mean ± SE) in the high, mid and low densities were, respectively, 39 ± 2, 25 ± 2 and 10 ± 1 plants per 0.25 m 2 on the Isle of Man, and 23 ± 3 and 8 ± 1 plants in mid and low densities at Tjärnö. These densities were within the natural range in those areas. The highest and lowest sampled densities (juveniles excluded) were, respectively, 55 and ) at Tjärnö (Åberg & Pavia 1997) . Some transplanted plants were lost over the year. Excluding these losses, the number of plants in the high density treatment was 35 ± 2 per 0.25 m 2 on the Isle of Man, which is the experimental density that will be considered hereafter. At the start of the experiment the estimated total dry mass per 0.25 m 2 (mean ± SE) in the high, mid and low densities were, respectively, 3.24 ± 0.42, 1.29 ± 0.32 and 0.72 ± 0.07 kg on the Isle of Man, and 1.45 ± 0.16 and 0.48 ± 0.07 kg in the mid and low densities at Tjärnö (lost transplantations excluded). The experimental treatments differed initially in both number of plants and total dry mass per plot, without significant differences between areas (Table 1a,b). On the Isle of Man, however, the total dry masses of mid and low density plots were not significantly different (Table 1b) . This was because of the smaller mean size of the plants in the mid density plots in relation to the low ones.
A plant (genet) of Ascophyllum nodosum has several primary vegetative shoots (modules) arising from a common holdfast. We investigated how recruitment and growth of modules were affected by genet density. If the effects of density were asymmetrical within plants, the growth of shortest shoots would be more affected by increases in plant density than the longest shoots. In order to test this hypothesis, the growth of several primary shoots was estimated in 3 plants (dry wt per plant >160 g) in 4 plots per density and area (i.e., a total of 12 plants per density and area). Unbroken vegetative shoots produce 1 air bladder in February of each year with the exception of the first years. The length from the apex to the youngest air bladder was measured in undamaged shoots in September 1998. These lengths were used to estimate the growth from February to September 1998, after verifying that the width of these newly formed parts of the modules did not differ between plants of different densities. The longest and shortest shoots were chosen within the plants (1 to 3 shoots per length category and plant). Mean difference in length between the long and short shoots (± SE) was 50.2 ± 3.0 cm, n = 60 (data pooled across areas and densities). The elongation of the shoots was measured as explained above, and the mean elongation of both 'long' and 'short' shoots was calculated per plant. To investigate the effect of density on the inception of modules, the number of new shoots arising from the holdfast (< 5 cm long and with no air bladders) was counted in 6 plants in 4 plots per density and area (i.e., a total of 32 plants per density and area).
The effect of density on the reproductive output of Ascophyllum nodosum plants was investigated at Tjärnö in May 1998. In Sweden A. nodosum is reproductive during a short period in April or May. The reproductive structures, or receptacles, are shed soon after the reproductive period. New receptacles are initiated during the summer. The receptacles start to grow from lateral pits along the shoots, but vegetative laterals can also grow from these pits. Changes in plant density may affect the ratio of reproductive to vegetative laterals in the plants. However Table 1 . Analyses of variance for the number of plants (a) and total dry mass (b) in experimental treatments and areas. For each dependent variable 2 analyses of variance were carried out, 1 with mid and low densities in both areas (Isle of Man and Tjärnö) and the other with 3 densities on the Isle of Man. A posteriori comparisons between means after significant F tests using StudentNewman-Keuls (SNK) tests are also shown are initiated during summer and the experiment was started in September, crowding should have affected the size of the receptacles more than their number. To test this hypothesis, the receptacles of 2 shoots per plant were collected in 7 plants per density (randomly chosen among the plots). A. nodosum is a dioecious species but sex was not included as a factor in the experiment. Receptacles per shoot were counted and the total fresh weight of receptacles was measured to estimate the mean fresh weight per receptacle. In A. nodosum there is a very strong relation between fresh weight and dry weight. The fresh and dry weights were measured on whole plants in a number of populations and sampling dates in Sweden, and the relation was highly significant (linear regression, p < 0.0001, n = 495) with R 2 = 0.97 (P.Å. unpubl. data). Statistical procedures. Percentage survival and several dependent variables related to the growth of Ascophyllum nodosum were analysed using, in each case, 2 analyses of variance: (1) a 2-way analysis of variance with density (mid and low) and area (Tjärnö and Isle of Man) as fixed and orthogonal factors; and (2) a 1-way analysis of variance, to compare the 3 experimental densities on the Isle of Man. Because the number of replicated plots differed between density treatments and areas (see above), type III sum of squares was used (see comments in Shaw & MitchellOlds 1993 for analysis of unbalanced data). Before the analysis of variance, data were tested for homogeneity of variances with Cochran's test (Winer et al. 1991) . Differences between means after significant F tests were analysed by Student-Newman-Keuls tests. For the analysis of the growth of shoots a random factor, plot, was incorporated into the design, nested within the interaction between density and area.
Furthermore, the final length and dry mass of individual plants was compared between densities within each area (Isle of Man and Tjärnö) with analysis of covariance. Initial length and initial dry mass were used as respective covariates. Data from different plots were pooled. Dry mass values were log transformed. The homogeneity of slopes was tested.
All data analysis were carried out using Super-ANOVA 1.11 for Macintosh computers (SAS Institute, Cary, NY, USA).
RESULTS
Percentage survival of 1 yr after the density manipulation was high (mean ± SE 93.74 ± 0.30%, n = 22), with no significant differences between either areas (F = 0.054, p = 0.473) or densities (F 1,14 = 0.02, p = 0.883 for mid and low densities in both areas; F 2,11 = 0.90, p = 0.435, for the 3 densities on the Isle of Man).
The relative change in the total dry mass of the plots (as a proportion of final to initial mass) was, however, affected by the combination of density and area (Table 2, Fig. 1 ). At Tjärnö the changes were more dramatic: the total mass in the mid density plots decreased over the experimental year whereas a substantial increase was observed at low density (Table 2, Fig. 1 ). On the Isle of Man there were no reductions in the total mass at any density, but the relative increase was lower at high density (F 2,11 = 6.84, p = 0.012, Fig. 1 . When the total length instead of the dry mass of the individual plants was compared between densities, the results were similar: no significant differences between densities or size-dependent effects of density were detected. Some plants lost weight over the experimental year because of frond breakage. The decline in the total mass of the mid density plots at Tjärnö (see Fig. 1 ) was certainly the result of individual losses. In this area, the percentage of plants with weight loss was apparently higher at mid than at low density, whereas no differences were observed on the Isle of Man (Fig. 2) . The differences, however, were only statistically significant at Tjärnö during the period from September 1997 to May 1998 (F 1, 6 = 23.58, p = 0.003). The probability of breakage increased with plant length and this increase was more pronounced at Tjärnö than on the Isle of Man (Fig. 3) .
The elongation measurements estimated the growth of the shoots, excluding losses due to breakages. The effect of density on shoot elongation differed between long and short shoots. There were no differences in the elongation of long shoots between either areas (F 1,12 = 2.56, p = 0.135) or densities (F 1,12 = 1.03, p = 0.330 considering 2 densities and both areas; F 2, 9 = 0.29, p = 0.753, considering the 3 densities on the Isle of Man) (Fig. 4) . However, the elongation of the short shoots was negatively affected by density in both areas (Table 3 , Fig. 4 ). On the Isle of Man a progressive decrease was observed from low to high density (F 2, 29 = 26.47, p < 0.0001, Fig. 4 ). Short shoots grew more than long ones in plants at low density, whereas the opposite trend was observed in plants growing at mid density and especially at high density (Fig. 4) . Moreover, on the Isle of Man plants growing at low density had a higher number of new shoots (< 5 cm length) (F 2, 68 = 30.92, p < 0.0001, Fig. 5 ) whereas the inception of new shoots did not differ between mid and low densities at any area (Table 4 , Fig. 5 ).
Density did not affect the mean weight of reproductive structures in plants growing at Tjärnö. The mean fresh weight per receptacle was similar in plants growing at mid and low densities (F 1,12 = 0.15, p = 0.709; mean ± SE 0.301 ± 0.027 g, n = 28).
DISCUSSION
Our results conform to those of many terrestrial and marine studies, in which plants growing at higher densities experience reductions in the net growth (e.g., Black 1974 , Harper 1977 , Antonovics & Levin 1980 Reed 1990 , Ang & De Wreede 1992 , Creed et al. 1996 , Creed et al. 1998 . Marine algae are frequently subject to erosion from waves, ice or herbivores. The results of this study indicate that both growth and plant breakage are density-dependent in Ascophyllum nodosum. This seaweed is a modular organism with tightly aggregated units (primary shoots) arising from a common holdfast. We observed a size-dependent response of the modules to increases in plant density, the growth of short shoots being negatively affected but not the long ones. Furthermore, on the Isle of Man low density promoted the formation of new shoots. In this sense, Ascophyllum nodosum resembles a terrestrial clonal plant with closely aggregated modules, i.e., with 'phalanx strategy ' (Lovett Doust 1981) , where shoots within the same genet can be subject to high interference and the control of module density may be regulated by their birth rate (Schmid & Harper 1985) . The asymmetrical response of shoots to plant density is related to a a Four missing replicates were replaced by the mean of the corresponding plot, and 4 df was subtracted from residual Table 3 . Analysis of variance for the elongation of 'short' shoots considering mid and low density in both areas was replaced by the mean of the correspondent plot, and 1 df was subtracted from residual b > significantly higher at p = 0.05; ~ not significantly different at p = 0.05 Table 4 . Analysis of variance for the number of new shoots per plant in the mid and low densities at both areas. SNK tests for a posteriori comparisons between means are also shown differential access to the resource and to the functional independence of modules. Asymmetrical competition between modules was also observed in terrestrial clonal plants when genet density was manipulated (de Kroon et al. 1992) . Light is often cited as a key factor influencing growth and survival in both terrestrial and marine systems (Schmitt et al. 1986 , Dean et al. 1989 , Reed 1990 , Jurik 1991 , Creed et al. 1998 , Sjøtun et al. 1998 . In Ascophyllum nodosum stands, it can actually be an important factor determining the suppression of short shoots and the regulation of shoot inception, as the irradiance levels decrease abruptly under a canopy of A. nodosum (Cousens 1985) .
Since the effect of density was 1-sided within plants, we also expected asymmetrical responses among plants, with the growth of small plants being affected more than that of larger ones by increases in density. This phenomenon of dominance and suppression has been observed in other seaweed species (Reed 1990 , Ang & De Wreede 1992 , Creed et al. 1998 ), but our results did not support the hypothesis. It may be argued that the temporal scale of the experiment was too short to show any differential growth among plants. However, 2 aspects of the experiment may explain this result per se. First, the smaller size classes, the most likely to be affected by asymmetrical competition, were scarcely represented in this study, as the juvenile stages were not considered and adult plants of < 5 g were rare in the experimental plots. Second, other density-dependent processes affected the performance of the alga, increasing the risk of breakage to smaller sizes. Large (longer) plants broke more frequently, probably because they are more vulnerable to wave action (Gaylord et al. 1994 ) and they can be more exposed to desiccation stress during low water than plants growing beneath the canopy (see Ang 1991) . The breakages of large plants may mask the dominance and suppression in plant growth.
As mentioned above, density also affected plant abrasion. In the Swedish area, plants at mid density suffered more risk for abrasion than plants at low density. A possible explanation for this trend is the increase of grazing damage in dense stands. It has been shown that the relative abundance of herbivores living on several species of seaweeds is higher in aggregated than in isolated plants (Black 1974 , Gunnill 1982 , Reed 1990 . Grazing damage may cause tissue loss indirectly by increasing the susceptibility to breakage and dislodgment (see Black 1974) . In fact, a high percentage of Ascophyllum nodosum plants sampled at Tjärnö (up to 30%) had a broken frond where there was a grazing mark (R.M.V. unpubl. data). The indirect effects of grazers at higher densities may be more patent at Tjärnö than on the Isle of Man, as the physical conditions are more variable and harsher in the Swedish area. There, ice scouring in winter may cause breakage of plants to smaller sizes (Åberg 1992a) . Moreover, the A. nodosum zone can be exposed to air during several consecutive days during periods of high atmospheric pressure in spring and summer (R.M.V. pers. obs.).
Increased grazing in dense stands may also explain a reduction in growth in undamaged annual shoots, though competition for light was probably the predominant process. Pavia et al. (1999) showed that there is a trade-off between phlorotannin content and annual growth in Ascophyllum nodosum. They further showed that the chemical defence is inducible by the gastropod grazer Littorina obtusata (Pavia & Toth 2000) . Thus, if this grazer is more common in dense stands, it may induce higher concentrations of phlorotannins, which results in lower growth rates of shoots.
Our results clearly show a negative effect of density on the net growth of Ascophyllum nodosum, by affecting both shoot elongation and risk of abrasion. The consequences for reproduction are more difficult to assess with the present data and conclusions can only be tentative. No differences between densities were observed in the average mass per receptacle. Since receptacles are initiated during summer (Åberg 1996) and the experiment started in September, the density manipulation should not have affected the number of receptacles arising from the laterals of shoots. Therefore, the vegetative growth of the plant decreased at higher density whereas the allocation to reproductive biomass remained constant. This suggests that the annual reproductive effort was positively affected by density. The reproductive output (total reproductive biomass per plant), however, may have decreased with density as a consequence of the density-dependent breakages of shoots at Tjärnö. In contrast to land plants, positive effects of density on reproduction have occasionally been observed in seaweeds (Schiel 1985 , Lazo & Chapman 1998 . In these cases growth also increased at higher densities and both effects were correlated. Plants of A. nodosum reaching larger sizes have higher reproductive output and annual reproductive effort (Åberg 1996) . Since we observed a reduction on the net growth of A. nodosum at higher densities, a negative impact of density on reproduction may be expected in successive reproductive periods.
Survival of Ascophyllum nodosum was relatively high and apparently density-independent in both areas. However, the time of the experiment may have been too short to detect any effects on survival. Small adult plants growing beneath the canopy may suffer from a reduction in light but still survive for years before they eventually die. On the other hand, similar results have been observed in other studies of density dependence in macroalgae (Black 1974 , Reed 1990 , Creed et al. 1996 . Self-thinning in marine algae occurred mainly among small recruits (Black 1974 , Dean et al. 1989 , Ang 1991 . Certainly, mortality of A. nodosum germlings under an adult canopy increased at higher germling density (Viejo et al. 1999) . Furthermore, in terrestrial clonal plants low mortality after establishment appears common (Callaghan et al. 1990 , de Kroon et al. 1992 , Humphrey & Pyke 1998 , and self-thinning and overpopulation may be avoided by achieving a balance in module density (Pytelka 1984) . Similar mechanisms may take place in modular seaweeds such as A. nodosum. The regulation of module production and growth may also explain the absence of self-thinning that was observed in clonal red seaweeds (e.g., Scrosati 1996) .
It may be argued that in this study the buffer zone of the experimental plots was rather small in relation to the size of the plants and, hence, edge effects may have been substantial, especially at low tide. This would complicate the interpretations if non-significant results were obtained. However, our results clearly show a negative effect of density on the net growth of Ascophyllum nodosum. This study and previous work on intertidal macroalgal populations (Ang & De Wreede 1992 , Creed et al. 1996 , Creed et al. 1998 indicate that intraspecific competition can occur in the marine shallow environment and not only in populations of deep waters (see comments of Dean et al. 1989 , Reed 1990 ). Our results, however, are in contrast to those of Lazo & Chapman (1998) , who found that high density promoted faster shoot elongation in A. nodosum. The presence of both positive and negative density-dependent effects in the same species may be related to interactions with the physical environment. In intertidal habitats the effect of intraspecific interactions in a species can be reversed through the vertical gradient of physical stress (Bertness & Leonard 1997) .
In our study, some differences were detected in density-dependent regulation between the areas investigated. The inception of new shoots was observed only on the Isle of Man and the probability of breakage to smaller sizes (mostly in large plants) was densitydependent only at Tjärnö. The harsher physical conditions in the Swedish area, mainly during winter, may cause this variation in the susceptibility of plant breakage. Although qualitative and quantitative differences in the grazing assemblages were also observed between Tjärnö and the Isle of Man, the density of grazing marks in the plants did not differ between these areas (R.M.V. unpubl. data). This suggests that the differences in the risk of abrasion presumably are not caused by variations in grazing intensity between areas. As consequence of the differences in the densitydependent regulation between Tjärnö and the Isle of Man, plants growing at similar densities may reach larger sizes on the Isle of Man, being longer (because of a lower risk for breakage) and with larger diameter (with a higher number of primary shoots) than at Tjärnö. In a previous work, the mean length of Ascophyllum nodosum plants was found to be higher on the Isle of Man than at Tjärnö (Åberg & Pavia 1997) .
Furthermore, the significance of density-dependent regulation in the dynamics of Ascophyllum nodosum populations probably varies between the studied areas because of their different variability in physical conditions. The environment at Tjärnö can be described as stochastically variable (Åberg 1992b ) whereas on the Isle of Man physical conditions are less variable between and within years (see 'Materials and methods'). The demography of A. nodosum in the stochastic environment of Swedish shores has been assessed by model simulations (Åberg 1992b ). The simulations did not explicitly include density-dependent regulation and it has, in general, seldom been incorporated into demographic models of macroalgae and other perennial plants such as trees (see Burgman & Gerard 1990 , Alvarez-Buylla 1994 , Silva Matos et al. 1999 . One probable cause for this absence is a lack of knowledge of how the vital rates of different stages are affected by changes in density. However, the present study together with one other (Viejo et al. 1999 ) also provides data for inclusion of density dependence into demographic models of A. nodosum, which would allow evaluation of the importance of density dependence in different physical domains and more realistic projections of the population behaviour. LITERATURE CITED Åberg P (1989) 
